Introduction
Gastrointestinal epithelia form the largest interface of the body with the external environment. Epithelia participate in absorption of nutrients and provide a physical barrier against permeation of proinflammatory pathogens, toxins, and dietary antigen molecules from the luminal environment into mucosal tissues and the circulatory system (1) . Increased intestinal permeability can occur due to nonspecific intestinal inflammation, endotoxemia, and non-alcoholic fatty liver disease (2) (3) (4) . Therefore, decreasing intestinal permeability is relevant to health promotion.
Alteration in the mitochondrial respiratory chain or disruption in mitochondria can be early events that contribute to induction and progression of increased intestinal permeability (5) . The mitochondrial respiratory chain consists of β-nicotinamide adenine dinucleotide (NADH) dehydrogenase, succinate dehydrogenase (SDH), cytochrome c oxidoreductase, cytochrome c oxidase, and ATPase. A decrease in disfunction of the mitochondrial respiratory chain and destroyed mitochondrial structure were associated with inflammation and oxidative stress (6) (7) (8) (9) . Delivery of dinitrophenol to the rat ileum resulted in disruption of epithelial mitochondria (7) . Activities of SDH and cytochrome c oxidase were decreased by 50-60% in the colonic mucosa of ulcerative colitis (8) . Activities of NADH dehydrogenase, SDH, and cytochrome c oxidase were decreased in iron-ascorbate induced oxidative stress in Caco-2/15 cells (9) .
Impairement of mitochondrial respiratory chain enzymes can be modulated by anti-oxidant substances (10, 11) . Chlorogenic acid (CGA), formed via esterification of caffeic and quinic acid, is a naturally abundant phenolic acid compound in foods, the daily intake for which is up to 1 g in humans (12) . CGA is reported to have anti-oxidant, anti-inflammatory, and anti-obesity activities and is expected to reduce the risk of disease and confer health benefits via daily intake (13) (14) (15) . Shin et al. (16) reported that CGA acted as an anti-inflammatory agent for prevention of dextran sulphate sodiuminduced colitis via inhibition of IL-1β in the colon. Caffeic acid phenethyl ester, the structure of which is similar to CGA, ameliorates cadmium-induced kidney mitochondrial injury via an anti-oxidant effect in vitro (17) . However, the effect of CGA on intestinal mitochondrial injury and the mitochondrial respiratory chain in vivo has not yet been investigated.
Effects of CGA on intestinal permeability and the mitochondrial respiratory chain in endotoxin-infusion rats were herein studied. Weights and lengths of the rat intestine, histologic evaluation, intestinal permeability, anti-oxidant activities in the ileum and ileum mitochondria, activities of mitochondrial respiration enzymes, and correlations between intestinal permeability and mitochondrial respiration enzymes were determined in normal and endotoxininfused rats both with and without CGA administration.
Materials and Methods
Animals, diets, and experimental design Female Sprague-Dawley rats weighing 182.84±2.13 g (Changsha Tianqin Biotechnology Co., Changsha, China) were used in this study. All procedures were approved by the Animal Care and Use Committee of Nannchang University. All institutional and national guidelines for the care and use of laboratory animals were followed. All animals were housed in a specific pathogen-free, temperature-controlled facility (22±2 o C at 40-60% relative humidity) under a 12 h light-12 h dark cycle with free access to standard diets according guided with experimental animal feed quality criterion of China (GB14924. (Table 1) and sterile water during the entire experimental period.
After a 7-day adaptation period, rats were randomly divided into 4 experimental groups (n=8 per each group) based on body weight. CGA was purchased with 98% purity (Jingchun Biochem, Shanghai, China) and dissolved in sterile saline. CGA with the dose of 60 mg/kg of body weight was intragastrically administrated to rats for 28 days between 09:00 and 10:00 AM. An endotoxin from Escherichia coli O55:B5 (Sigma-Aldrich, St Louis, MO, USA) was dissolved in sterile saline.
Four treatment groups were used. 1) Normal control (NC) group rats were intragastrically administered (ig) with sterile saline (2 mL) and intraperitoneally injected (ip) with sterile saline (2 mL) every day for 28 days. 2) CGA group rats were administered with CGA at 60 mg/ kg of body weight (ig) and sterile saline of 2 mL (ip) every day for 28 days. 3) II group rats were endotoxin-induced intestinal injury rats administered with sterile saline of 2 mL (ig) and with endotoxin at 300 µg/kg of body weight (ip) every day for 28 days. 4) CGA-II group rats were endotoxin-induced intestinal injury rats administered with CGA at 60 mg/kg of body weight (ig) and endotoxin at 300 µg/kg of body weight (ip) every day for 28 days.
Growth performance and organ collection At the end of the experimental period, animals were sacrificed via cardiac exsanguination under anaesthesia using an intraperitoneal injection of a sodium pentobarbital overdose (45 mg/kg). The small intestine and colon were dissected and the length of the small intestine and the colon, and weights of the small intestine and colon were measured with a ruler graduated in centimeters and ten thousand analytical balance (ML104; Mettler Toledo, Greifensee, Switzerland), then organs were immediately frozen.
Mitochondrial isolation and determination of protein A mitochondrial fraction was isolated from the ileum as previously described with modification (18) . Briefly, a 10% (w/v) ileum tissue homogenate was prepared with a homogenizer in ice cold 100 mmol/L Tris-HCl buffer at pH 7. Determination of intestinal permeability Intestinal permeability was assessed using the lactulose-mannitol test (19) . Briefly, a pre-test urine sample was collected after 6 h of fasting to measure the baseline sugar level in the urinary tract. After the pre-test urine sample was obtained, rats were orally given 100 mg of lactulose and 50 mg of mannitol dissolved in 2 mL of water. Urine was collected for 6 h and stored at −20 o C in freezer prior to assay. Urinary lactulose and mannitol concentrations were measured using the HPLC method and the lactulose/mannitol (L/M) excretion ratio was calculated.
Intestinal morphology analysis Histological analysis of ileum tissue was performed with hematoxylin and eosin staining method (HE) (20) . Briefly, at the end of the experimental period, the distal end of the ileum was dissected and fixed in 10% phosphate-buffer formalin and dehydrated with 50% ethanol (v/v), then promptly embedded in paraffin. Embedded tissues were then cut into 5 µm sections with microtome (RM2235; Leica Biosystems, Nussloch, German) and stained with hematoxylin and eosin (HE) to reveal structural features, then observed under a light microscope (Motic Med 6.0; Motic Med, Beijing, China) at a final magnification of ×100.
The pathological grade of ileum tissue was assessed following the Chiu histological injury scoring system (21) with 0=normal mucosa, 1=slight, 2=moderate, 3=massive subepithelial detachment, 4= denuded villus, and 5=ulceration. Blind scoring was performed by 2 independent observers.
Enzyme activity analysis Activities of myeloperoxidase and alkaline phosphatase in the ileum were measured with spectrophotometer (722; Jingmi Scientific Instruments Co.). Sections of the ileum 100 mm in length were homogenized in 10 mL of physiological saline. The homogenate was centrifuged at 1,600×g for 15 min to obtain a supernatant. Activities of myeloperoxidase (MPO) and alkaline phosphatase (ALP) were measured with commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to manufacturer protocols.
The superoxide dismutase (SOD) activity, the malondialdehyde (MDA) content in the ileum and ileum mitochondrial fractions, and the total antioxidant activity (T-AOC) in the ileum were spectrophotometrically measured with spectrophotometer (722; Jingmi Scientific Instruments Co.) and commercial kits (Nanjing Jiancheng Bio-engineering Institute).
The succinate dehydrogenase (SDH) activity was spectrophotometrically measured with spectrophotometer (722; Jingmi Scientific Instruments Co.) based on reduction of 2.6-dichlorophenolindophenol (DCIP) at 600 nm (22) . The reaction mixture consisted of a 50 mmol/L potassium phosphate buffer (pH 7.0), 1 mmol/L KCN, 0.05 mmol/L DCIP, and 16 mmol/L succinate. The activity of SDH was expressed as µmol of DCIP/min/g of protein.
Activities of NADH dehydrogenase, cytochrome C oxidase, and ATPase in ileum mitochondrial fractions were spectro-photometrically measured with spectrophotometer (722; Jingmi Scientific Instruments Co.) using commercial kits (Genmed, Shanghai, China).
Statistical analysis All data are presented as mean±standard error (SE) for the 4 different treatment groups. Differences between variants were analyzed using a one-way analysis of variance (ANOVA) and Tukey's multiple comparison test with SPSS 17.0 (SPSS Inc., Chicago, IL, USA). The Pearson coefficient was used to measure correlations between intestinal permeability and mitochondrial MDA content, and NADH dehydrogenase, SDH, cytochrome C reductase, and ATPase activities. Significance was defined at p<0.05.
Results and Discussion
Effect of CGA on length and weight of the small intestine and colon The effects of CGA on small intestine length and weight and colon length and weight are shown in Table 2 . The weight of the small intestine was significantly (p<0.05) decreased in II group rats, compared with NC group rats. The weight of the small intestine was significantly (p<0.05) increased in CGA-II group rats, compared to II group rats. No significant (p>0.05). difference was found between CGA group and NC group rats for weight of the small intestine. Small intestinal length, colon length, and colon weight exhibited no significant (p>0.05) differences between rats of any groups.
Effect of CGA on intestinal permeability and ileum injury The L/M ratio is widely used for assessment of intestinal permeability. The L/M ratio in II group rats was significantly (p<0.05) increased, compared with NC group rats. CGA administration in CGA-II group rats significantly (p<0.05) decreased the L/M ratio, compared with II group rats (Fig. 1A) . No significant (p>0.05) difference was found between NC and CGA group rats for the L/M ratio. Thus, CGA administration decreased intestinal permeability.
Ileum samples from NC and CGA group rats showed normal histology of the ileum mucosa (Fig. 1B) . In II group intestinal injury rats, the morphology of the ileum showed villus loss, crypt abscess, and inflammatory cell infiltration (Fig. 1B) . These changes were ameliorated by CGA administration. The ileum in endotoxin-treated rats was assessed for pathological grade scores following the Chiu histological injury scoring system showed that the endotoxin significantly (p<0.05) increased the pathological grade of the ileum, compared with normal rats (Fig. 1C) . In CGA-II group rats, CGA administration significantly (p<0.01) decreased the pathological grade of the ileum, compared with II group rats. MPO, a constitutive component of neutrophil azurophilic granules, is a good marker of inflammation and tissue injury (23) . ALP promotes inflammatory resolution through detoxification of endotoxins (24) . In this study, the activity of MPO in CGA-II group rats was significantly (p<0.05) decreased (Fig. 1D) , and the activity of ALP was significantly increased (p<0.05) (Fig. 1E) , compared with II group rats. Thus, CGA administration ameliorated ileum injury.
Effect of CGA on the ileum and ileum mitochondrial anti-oxidants CGA administration decreased the oxidative stress level in the ileum and ileum mitochondrial fractions in intestinal injury rats (Table 3) . Lipid peroxidation is assumed to be an important parameter of oxidative stress, and has been measured based on estimation of the concentration of MDA, a lipid peroxidation end product. The content of MDA in the ileum (p<0.05) and the mitochondrial fraction (p<0.05) were significantly increased in intestinal injury II group rats, compared with NC group rats. MDA contents in the ileum (p<0.05), and mitochondrial fractions (p<0.05) of CGA-II group rats were significantly decreased by 46.23 and 65.52%, respectively, compared with II group rats.
SOD was an important anti-oxidation enzyme in rats. CGA administration significantly increased the activity of SOD in the ileum (p<0.05) and ileum mitochondrial fractions (p<0.05) of CGA-II group rats, compared with II group rats. The T-AOC level in the ileum of II group rats was significantly (p<0.05) decreased, compared with NC group rats. CGA supplementation in CGA-II group increased T-AOC (p>0.05), as compared with II group.
Effect of CGA on ileum respiratory chain complexes CGA administration in CGA group rats had no significant (p>0.05) effects Normal control (NC) group rats were intragastrically administered (ig) with sterile saline (2 mL) and intraperitoneally injected (ip) with sterile saline (2 mL) every day. CGA group rats were administered with CGA at 60 mg/kg of body weight (ig) and sterile saline of 2 mL (ip) every day. 3) II group rats were endotoxin-induced intestinal injury rats administered with sterile saline of 2 mL (ig) and with endotoxin at 300 µg/kg of body weight (ip) every day. 4) CGA-II group rats were endotoxin-induced intestinal injury rats administered with CGA at 60 mg/kg of body weight (ig) and endotoxin at 300 µg/kg of body weight (ip) every day. All groups were administrated for 28 days.
on the activities of NADH dehydrogenase, SDH, cytochrome c oxidase, and ATPase, compared with normal rats (Table 4 ). In II group rats, the endotoxin significantly decreased the activities of NADH dehydrogenase (p<0.05), SDH (p<0.05), and cytochrome c oxidase (p<0.05), compared with NC group rats. CGA administration in CGA-II group rats significantly (p<0.05) increased the activity of NADH dehydrogenase by 57.61%, and significantly (p<0.05) increased the activity of SDH by 33.14% (p<0.05), compared with II group rats. No significant (p>0.05) differences were observed in activities of ATPase among rats of the 4 treatment groups.
Correlations between intestinal permeability, mitochondrial lipid peroxidation, and mitochondrial respiratory chain enzymes Pearson coefficient analysis was used to clarify the relevance the decrease in intestinal permeability and mitochondrial function. The correlations between the L/M ratio and the mitochondrial MDA content, and NADH dehydrogenase (B), SDH (C), cytochrome C reductase (D), and ATPase (E) activities, were evaluated (Fig. 2) . Correlations considered significantly at p<0.05 indicated that factors were significantly correlated ( Fig. 2A and 2B) .
A Pearson correlation coefficient (R) value less than 0 indicated a negative correlation between factors. A significant positive correlation between the L/M ratio and the MDA content (R=0.516, p=0.008), and a significant negative correlation between the L/M ratio and the NADH dehydrogenase level (R= −0.561, p=0.004) were observed ( Fig.  2A and 2B ). No significant (p>0.05) correlations between the L/M ratio and SDH activity, or cytochrome C reductase activity, or ATPase activity were observed (Fig. 2C, 2D, and 2E) . Thus, decreased intestinal permeability due to CGA reducing the level of mitochondrial lipid peroxidation and increasing NADH dehydrogenase activities.
Chlorogenic acid ameliorated intestinal injury in rats Recently, dietary phenolic acids have received much attention due to beneficial health effects. In this study, CGA exerted a protective effect against intestinal injury in rats. CGA administration in CGA-II group rats decreased intestinal permeability, alleviated ileum injury, lowered oxidant stress levels in the ileum and ileum mitochondria, and increased activities of NADH dehydrogenase and SDH in ileal mitochondrial fractions. A positive correlation was observed between intestinal permeability and mitochondrial MDA content, and a negative correlation was observed between intestinal permeability and NADH dehydrogenase activity. CGA ameliorating intestinal injury was probably associated with a decrease in mitochondrial lipid peroxidation levels and an increase in NADH dehydrogenase activities.
The endotoxin (lipopolysaccharide) is a component of Gramnegative bacterial cell walls. Intestinal microbiota is an abundant source of endotoxins. More than 1 g of endotoxin is present in the human intestine (25) . Consumption of a high fat diet and alcohol can promote growth of Gram-negative bacteria in the intestine, which results in accumulation of endotoxins (26, 27 ). An increase in endotoxin levels in the gut has been proposed for induction of intestinal injury and an increase intestinal permeability (28, 29) . Lactulose and mannitol do not present an important affinity for the monosaccharide transporter system, leading to passive absorption and not being metabolized and, thus, excreted unchanged in the urine (30) . Thus, the L/M ratio in urine is widely used for assessment of intestinal permeability. An increased L/M ratio in endotoxin-infused rats indicated that endotoxin infusion increased intestinal permeability.
MPO activity has been widely accepted as a marker for infiltration of neutrophils into injured tissues. Intestinal ALP, used traditionally as a marker of enterocyte maturation, is located at the apical brush border and can promote inflammatory resolution through detoxification of bacterial endotoxins (24) . Inhibition of ALP activity in the colon resulted in an increase in the severity of colitis in DSS-induced colitis (31) . In this study, endotoxin administration induced small intestine weight loss, the ileum morphology was destroyed, the L/M ratio and the activity of MPO in the ileum were increased, and the activity of ALP in the ileum was decreased. Thus, peritoneal administration of an endotoxin for 4 weeks probably induced intestinal injury and CGA administration ameliorated this intestinal injury. CGA administration decreased lipid peroxidation in the ileum and ileum mitochondrial fractions, and increased mitochondrial respiration chain activity. Mitochondrial damage due to oxidative stress leads to degradation in the efficiency of mitochondrial respiratory chain enzymes (12, 32) . In this study, CGA administration decreased the MDA content in the ileum and mitochondrial fractions by 46.23 and 65.52%, compared with intestinal-injured rats, indicating that CGA ameliorated lipid peroxidation in the ileum and ileum mitochondria.
Mitochondria are potent producers of cellular superoxide, from complexes I and III of the electron transport chain. And mitochondrial superoxide production is a major cause of the cellular oxidative damage (33) . This and other studies have reported that endotoxin cause defects in mitochondrial respiration chain function (34, 35) . Crouser et al. (35) demonstrated that mitochondrial respiratory activity was significantly impaired during acute endotoxemia. Increased NADH dehydrogenase activity in apple peel polyphenol extracts protected against indomethacin-induced oxidative damage in Caco-2 cells (13) . In this study, CGA administration in CGA-II group rats significantly (p<0.05) increased the activities of NADH dehydrogenase by 57.61%, and SDH by 33.14%, compared with II group rats. Increased activities of NADH dehydrogenase and SDH increased the mitochondrial respiration rate.
Correlation analysis was used to further understanding of the relationship between mitochondrial lipid peroxidation, mitochondrial respiratory chain enzymes, and intestinal permeability. MDA has been recognized as a biomarker of lipid oxidation, and an increased MDA level in vivo indicates excessive levels of oxidative damage in tissues. Results reported herein were in agreement with previous reports demonstrating increased MDA levels in the injured intestine (36, 37) . Song et al. (38) reported dietary grape seed procyanidins decreased intestinal permeability and improved antioxidant indices, and decreased the MDA level in the intestinal mucosa. Forsyth et al. (39) demonstrated that increased intestinal permeability was significantly associated with intestinal oxidative stress. This study also showed that increased intestinal permeability was significantly correlated with up-regulation of mitochondrial lipid peroxidation (R=0.516, p=0.008).
Oxidative stress leads to mitochondrial damage, and perturbed mitochondrial function causes an increase in intestinal permeability (40) . Control of epithelial permeability is energy dependent and mitochondria are essential for appropriate regulation of barrier functions. The efficiency of mitochondrial respiratory chain activity in colits, a kind of intestinal injury, and endotoxin infusion were reported in previous studies (8, (33) (34) (35) . In this study, increased intestinal permeability was correlated with a reduction in NADH dehydrogenase activity. Based on correlation analysis, CGA probably decreased intestinal permeability due to a decrease in lipid peroxidation levels and an increase in NADH dehydrogenase activities in ileum mitochondria.
In summary, the effect of CGA on endotoxin-induced intestinal injury in rats was reported. The protective effect of CGA against intestinal injury was probably associated with a decrease in intestinal permeability and an increase in mitochondrial metabolic function.
